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Materials Science and Mineral Engineering
University of California, Berkeley
Berkeley, CA 894720

ABSTRACT

A failure mechanism which entails grain boundary sliding and
brittle crack extension along grain boundaries is analyzed. It is
demonstrated that the crack growth, which occurs above a threshold
stress, is dictated by the grain boundary viscosity, fracture energy,
the grain facet length, and the boundary orientations vis-a-vis the
applied stress. The time taken to form a stable facet-sized crack is
derived, and shown to be non-Tinear in the applied stress. The creep
strains that result from this mode of cracking are generally small

and non-linear.



DEFORMATION AND FAILURE CAUSED BY
GRAIN BOUNDARY SLIDING AND BRITTLE CRACKING

A. G. Evans

I. INTRODUCTION
Cracks or cavities fregently form during the creep deformation
of ceramics and metals. The propagation of individual cavities or

15 o by viscous Flow® of a boundary

cavity arrays, either by diffusion
phase, has attained an advanced Tevel of comprehension. The coupled
cavity propagation, coalescence effects that dictate the final failure
have also been examined97 using statistical methods; although these
developments are at an elementary level. The intent of the present
paper is to examine brittle crack extension as an alternate mechanism
of creep fracture.
Several authors have examined the problem of brittle cracking

along grain boundaries during <::\r‘eep,8“;H

These studies have generally
commenced from the premise that grain boundary sliding will be occurring

(during steady state creep) at a specified rate, U . and that the

g.b.s
resultant sliding displacements provide the impetus for extension of a
brittle wedge crack (Fig. 1). However, a prescribed steady state grain
boundary sliding can only be occurring if the sliding is everywhere
accommodated either by diffusionqz or, perhaps, by cracking. If it is
implicitly assumed that diffusional accommodation is occurring, then it
must be appreciated that diffusion will also modity the configuration

of the crack t1p91°3 In fact, the crack {which becomes a cavity) will

extend by diffusion, in accord with the descriptions outlined by



Chuang, et a19194 Vitekz and Speight et a1,3 The earlier m(;)de?sgw70

used linear elastic wedge opening solutions to describe the crack length

and are thus not pertinent to conditions which involve diffusion. The

presence of a steady state boundary stiding displacement to extend the

crack is thus ambivalent. It was subsequently recogn‘izedH that a

wedge crack, once initiated, is likely to extend by diffusion, whenever

diffusive conditions exist; and an approximate analysis of diffusive

extension was presented. A more detailed analysis based on recent 'crack-

like' cavity extension concepts?s39 needed to afford a thorough descrip-

tion of the failure process, will be presented in a subsequent puincation,13
In the present analysis diffusion is not admitted and the only

permissible viscous motion is grain boundary sliding. Brittle cracks

are then tenable. The occurrence of this condition must be Timited

(since grain boundary sliding itself usually involves diffusive processes,

because of the presence of ledges and of non-planarity), but important

situations can be conceived wherein the proposed process might be en-

countered. For example, ceramics prepared by liquid phase sintering

(e.g., 513N4) often have planar boundaries, and contain a second phase

at the boundaries that is too narrow (a few lattice spacings) to admit

viscous modifications of the crack tip but wide enough to facilitate

boundary s]iding.14°15
The analysis of crack extension along individual grain boundary

facets is followed by an examination of both the creep strains that can

be induced by this cracking process and the resultant failure times.

It is demonstated that the creep strain rates are generally small and

non-1inear.



2. THE CRACK EVOLUTION SEQUENCE

If diffusion or viscous flow are excluded, grain boundary sliding
will result in elastic stress concentrations at grain triple pointsu}6’}7
The stress concentration in the absence of plasticity has the square
root singularity, typical of shear cracks. A crack will develop from
the triple point either if the singularity attains the critical Tevel
required for grain boundary fracture, Kg'b9 or if a defect of sufficient
size pre-exists at the grain boundary. The onset of cracking will thus
depend on the local conditions at individual triple points.

The presence of the crack will relax the elastic stress concen-
tration at the triple point and permit the adjacent boundaries to slide:
thereby producing an opening displacement at one end of the crack. As
the s1iding progresses, the stress intensity factor at the micro-crack
tip increases, causing additional crack extension and further sliding
(Fig. 1). Also, the stress concentration at the neighboring triple
points becomes enhanced, leading to an increased probability of micro-
crack initiation at these locations. Once the crack reaches the op-
posing triple point, the singularity at its tip will begin to relax, by
sliding of the intersecting boundaries (Fig. 1), and further crack ex-
tension will be suppressed. The ultimate formation of open facet-sized
cracks is thus to be anticipated. Failure will presumably occur when
sufficient contiguous boundaries have developed cracks to form a macro-
crack of critical size°7 The interaction of propagating cracks with

preformed cracks is thus undoubtedly involved in the failure process.

3. STRESS INTENSITY FACTOR SOLUTIONS
The extension of a wedge crack that emanates at a triple point

has previously been analyzed using a cracked dislocation solution, first
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proposed by Stroh = and extended by Cottrell. This solution can be

demonstrated (Appendix I) to exhibit the form;

K~ o /i(a/2) + hE//2ra (1-v%) (1)

where 2h is the wedge opening, a is the crack length, K is the stress
intensity factor, E is Young's modulus and o is the component of the
applied stress normal to the crack. The first term is due to the normal
opening of the crack KG and the second derives from the wedge opening
produced by sliding, Kw’ However, this solution is inadequate for the
complete description of the wedge crack extension; because the wedge
opening h cannot be specified a priori (steady state sliding will not
occur in the present problem). A companion solution that provides the
requisite complementary information can be derived from recent stress

0 with the kink at an incii-

intensity solutions for the kinked crack,2
nation ¢ to the sliding boundary (Fig. 2). The pertinent stress inten-
sity factors are deduced by regarding the primary crack as being sub-
jected to a pure shear stress t (Fig. 2) plus a small superimposed crack
surface traction to prevent opening of the primary crack (Fig. 2). The
mode I and II stress intensity factors provided by the analysis are

then combined in accord with the coplanar strain energy release rate

criterion to obtain the driving force K' for coplanar wedge crack

extension, as:

1
K= il (2)

The results, plotted in terms of the normalized stress intensity factor
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KT(:KT/T/E)s are shown in Fig. 2 for several inclinations, ¢. There is
an equivalent enhancement of the mode II stress intensity factor at the
other triple point. For applied stress conditions other than pure
shear parallel to the sliding boundary, the important stresses are the
shear stress resolved along the boundary Tg and the normal stress that
induces an additional wedge crack opening. Information concerning the
relation between h/a and TS/E‘can clearly be extracted from a detailed
comparison of the two solutions. However, this is not required for pre-
sent purposes.

Comparing K from Fig. 2 with the critical value for grain boundary
fracture K%’b (Fig. 3) permits the prerequisites for crack formation on
a specific facet (as well as the ultimate wedge crack extension on that
facet) to be specified. Thereafter, the rate of crack extension on the
susceptible boundaries can be determined, as demonstrated in the follow-
ing section. The susceptibility of a boundary to cracking is simply
ascertained by comparing K at (a/%) = 0 (referred to as KO) with Kg“b,
Those boundaries for which KO>K2°b will exhibit an instantaneous
tendency for crack initiation. Then, for those grain orientations in which
K decreases as a/f% increases, the cracks will stabilize at a/2<l, if
the minimum in K (Kmin) is less than KE“b (Fig. 3). The wedge opening
at stability hs can be related to the stable crack Tength a (from Egn. 1)

by
hs/as = (ﬂdn(1»vz)/E)[Kg°b/on/ﬂiaS/§7'm 17. (3)

When K does not decrease (or when Kmin > Kg"b) the crack will continue
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to propagate until it reaches the opposite triple point, where it will
stabilize (because the singularity is relaxed by boundary sliding,

Fig. 1). The formation of these facet-sized cavities is of greatest
current interest, because these are the cavities that primarily contri-
bute to the creep strain and the failure time. The time taken for such

cavities to evolve will be addressed in the following section.

4. CRACK PROPAGATION

4.7 General Considerations

A crack will propagate whenever the stress intensity factor K ex-
ceeds the critical value Kg°b, The motion of a crack on a susceptible
boundary (determined as described in the preceding section) can thus
be directly obtained from Eqn. (1) (with K replaced by the critical
value), provided that the time dependence of the opening h can be
established. The rate of wedge opening h is determined by a conven-
tional spring, dashpot approach; wherein the opening is motivated by
the elasticity of the material and resisted by the viscosity n of the
sliding boundary (Fig. 4). The wedge opening permitted by the elasticity
of the material is governed exclusively by the grain boundary sliding
and therefore relates to the resolved shear stress T The normal stress
is not involved because it generates an opening at the crack center but
not at the wedge. The problem is most conveniently posed using the
illustration shown in Fig. 4. The wedge crack releases the constraint
of the surrounding grains on the triple point and the grain on one side
of the sliding boundary exerts an elastic force P on the triple point.

The initial magnitude of the elastic force, Po9 when the wedge opening
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is zero, is related directly to the revolved shear stress T, by;

As the crack extends and the wedge opening increases the force de-

creases, and must reduce to zero at elastic equilibrium, i.e., at the
stable value of the elastic wedge opening, hw“ The reduction in force
occurs in accord with the Tinear elastic properties of the grain, such

that
P/PO = ] - h/hw | (5)

The average effective shear stress 1, acting on the boundary at any

B
instant is related to the force P by,

P= 1u(2-h)b (6)

Combining Eqns. (4), (5) and (6) the stress t, that dictates the

B
sliding becomes (since h<<q);

g T TS(1=h/hw) (7)

The sliding rate U at any location along the boundary is related to the

effective Tocal shear stress Ty by the usual relation
uoo= Txéb/n (8)

where 6b is the thickness of the boundary. Alternatively, the average

sTiding rate <u> can be related to the average effective stress Tg bys



> = Tp8,/1 (9)
Combining with Eqn. (7) the average sliding rate becomes
<U> = (g8 /m)(1-h/h,) (10)

In order to relate this result to the wedge opening rate h, we note

that the elastic displacement u of a mode II crack (length 22) sub-

jected to uniform shear varies with distance x from the center asZ]
2 2 2
4TB(1=v )(%Z;X )

ulx) = o (11)

The average displacement is thus;
- 2

w> = T (1-v7)/E (12)
and the maximum displacement G at the center (x=0) is

i o= 4rga(1-V)/E = d<us/m (13)

where u = h cosec ¢. The average sliding displacement <u> is thus
related to the wedge opening h by

i

4

Q> = h cosec ¢ (14)

Substituting <u> from Eqn. (14) into Eqn. (10), the wedge opening rate

becomes

- S
= 2 [1-i/h) (15)
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For the trivial case of constant hw (independent of time), integration
of Egn. (15) yields the result;

4sin¢T56bt
h/hW = 1-expi- Mﬁ“ﬁﬁ;ﬁﬂ*”

z 1‘~exp(wt/tR)
where the relaxation time tR is:
tR = ﬂhwn/4rsﬁb51n¢

Evidently, for those boundaries on which the crack stabilize at (a/e)
<1, the time taken for the crack to attain its stable length g,

This characteristic re-emphasizes the relative insignificance of crack-
ing on these boundaries: with regard to contributions to the creep
strain and the failure time. A more significant problem is the propa-
gation time for those cracks that only stabilize when a~2; a problem

examined in the following section.

4.2 The Propagation Time

The crack propagation under conditions where Kg'b< Kmin will ex-
hibit the general characteristics depicted in Fig. 5. The initial growth
is constrained by the grain boundary sliding rate. However, when the
crack reaches a critical length a*, atwhich it can continue to propagate
at a fixed wedge opening h* (due to the action of the normal stress, On)9

the constraint imposed by the boundary sliding rate becomes relaxed and

the crack will extend catastrophically up to the stable Tength 2. The
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propagation time tp is determined by the time taken for the crack to
attain the critical length a*. Hence, tp can be ascertained if both
a* and the driving force for sliding in the range 0 < a < a* can be
deduced.

The critical length a* is given by the coupled requirement that
K increases with crack length at a fixed wedge opening h, i.e., the

crack is driven by the normal stress, and that K at this condition, K*,

g.b +

¢ The first condition is established by determining

is equal to K
when K for a fixed h is a minimum; because, upon exceeding the minimum,
K will increase monotonically with crack length and the crack will

become unstable. Hence, differentiating Eqn. (1) with respect to a at

fixed h and setting to zero, gives

a* = h*E/o ﬂ(1~v2) (17)

Substituting h* from Egn. (17) into Egn. (1), and requiring that the

resultant K = KE“bs then gives;

g.b 2
a* = L K (18)
27 o
n
The equivalent critical wedge opening h*, obtained from Egn. (1) is;
2
g
h* = ZGnE (19)

TThe crack growth constrained by the wedge opening always occurs with

K= K?“b; hence, K* cannot exceed Kg'b until the growth becomes cata-

strophic.
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The equilibrium elastic opening hW (at which the elastic driving
force is zero) is dictated exclusively by the grain boundary sliding
and represents the opening at which sliding would cease. The equilibrium
opening will depend on both the instantaneous crack tength and the in-
plane shear stress. It can be ascertained by equating the wedge opening
components of Eqn. (1) and Fig. 2, by noting that the wedge opening, Kw’
pertinent to Fig. 2 1is

K = xt/- Tssin2¢/%fa/2) (20)

W

The equilibrium opening then becomes,

2
V21 (1-v")at
n, - - s {(Mﬁl} - /2 Sinzq)j (21)
va/ L

where K' is obtained from Fig. 2. The instantaneous wedge opening h

prior to catastrophic extension is determined by applying the crack

extension requirement (K = K?’b) to Eqn. (1), giving
J?ﬁ(?wvz}a g.b, — 5
h = WE'““ KC /va - m Gn (22)

Differentiation then yields the opening rate h, as

- 2.,
- w Ei(@»%/g}} - </2%? 0ﬂ>:] (23)

Substituting the above results for h, hw and h into Egn. (15) and re-

arranging we obtain
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>, dsingya [/§~2/§¥+(TS/%)(W227%/§ sin2¢)] (24)

$01-37) éﬁ%%‘ T2 . .

b T (/28] - v/a sin2¢)(Va* - /a)
The significant features of Egn. (24) to note are: (i) there is a
threshold for crack development (obtained by setting the numerator to
zero) given by the condition KT/Eﬂa:O 5‘K2’b, (i1) the velocity becomes
unbounded as a—a*, (iii) the velocity above the threshold condition is
zero at a = 0. The general trends, exemplified by the plots presented
in Fig. 6 (for ¢ = n/4 and B = 1), are complex. However, some con-
ditions wherein simplified crack velocity relations pertain can be
explored by re-expressing Egqn. (24) in terms of a threshold stress,

through the term

b 2

a’Eh = ,Q,(TS/OH)Z 1<2/2'n = (%Tr)(K(g" /On)‘th' (25)

to obtain;

) ( ) > ] 4Bsin¢(g/a*)% [(a/a*)?(1-gsin2¢)+2(a%, /a*)*-2] (26)
b

(
ES {2(a%h/a*)%~6(a/a*)%sin2¢][]=(a/a*)%]
where Bz'rs/gnu For stresses considerably in excess of the threshold,

such that a*‘<<a§h, and for g values typical of crack-susceptible

boundaries (g~1), Egn. (26) reduces to;

5(1-99) (n/Es,) = dsingp(a/a*)¥/n°[1-(a/a*)"] (27)

The early growth is thus dominated by the square root term in the
numerator - a deceleartion; while the final stages of growth, dictated

by the denominator, are accompanied by a crack acceleration. These trends
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are evident in Fig. 6. Also, note that the facet length & does not
enter this Timit solution.

The time of propagation tp of a crack across the boundary facet
can be obtéined by direct integration of the velocity relation. For
the Timit solution, Egn. (27), the following simple result obtains;

2
g.b
£ = ﬂ(?vvz) (KC )

= : Ul (28)
; = (&)
P sng 0T E&b

This result provides useful insights into the relative roles of the im-

portant microstructural variables, n, 6b9 K?‘bs ¢, and of the relative

L. . . T . .
stress conditions ong Tsc For a uniaxial tension o idinclined at an

angle ¢ to the sliding boundary,

- T .
T = 0 siny cosy,

o, = oT Sinz(

b)),

Egn. (28) becomes;

g.by’
r(1-v7) | e )“} ]
B(OT)Z ES, uﬁ singsinycosysin

. (29)
(Vo)

The non-linear stress dependence is significant: a result that essen-

tially derives from the condition that the crack Tength at critically

a* is proportional to the inverse square of the normal stress. Dif-

ferentiation of Egn. (29) with respect to ¢ and ¥ suggests that the most

fracture susceptible boundaries (those with minimum tp) pertain for the

condition ¢ = 35°, ¢ = 55°, yielding
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g
(tp%Mn ) '%f:i (%) (30)

A more complete relation for the propagation time derives from

Egn. (24), as

2

oot < <( /2] - Jasin2g) (/a¥ - /&)da

Vol /i - 2/a*+8 (/2] m-Vasin2g) ]

(31)

0

where o = a/f and a* = a*/%. Some typical results are plotted in
Fig. 7. The approximate solution given by Eqn. (28) is also plotted on

Fig. 7 to indicate its realm of applicability.

5. IMPLICATIONS

The time of propagation of a crack across a grain facet, given
by Egns. (30) and (31) is the basié for deriving implications concerning
the cracking threshold, the creep strain and the failure time. The mag-
nitudes of these quantities depend upon the statistical distributions
of grain boundary properties and 0rientat10ns;7 properties which are
generally unknown at this juncture. Preliminary estimates of the creep
response are deduced herein using simplified assumptions concerning the
grain boundary properties. More detailed creep predictions await a

knowledge of typical statistical properties of grain boundaries.

5.1 The Cracking Threshold

The critical resolved shear stress for crack initiation Tg in the
absence of pre-existent triple point voids is simply related to the

critical stress intensity factor by

= K P/aLk0)]a=0] (32)
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indicating dominant influences of the grain size, fracture energy and
grain orientations. Noting that K}azo ~1.4 (Fig. 2) and taking K?”b
~0.5 MPavin, the critical resolved stress for a typical grain facet
Tength of 10 pm is ~100 MPa, indicating an applied stress of ~200 MPa.
This is a relatively Targe threshold stress; and an even larger threshold
will pertain for fine grained materials, e.g., ~600 MPa for a 1 um
facet length. This conclusion is not significantly modified in the pre-
sence of pre-existent voids. (Specifically, for a void of length a,
at the triple point, the critical threého?d stress reduces to;

(K80 -0 vita 7271

= (33)
5 [/8 - /ﬂ(aof?T'sin2¢]

which, for a sliding boundary inclined at n/4 and the cracking boundary
at n/2 to the applied tensile stress, becomes;
29D

C

o = — R (34)
n K/§3%/ﬁ(ag7zy

showing that typical pre-existent voids (aor~0.12) exert a negligible
influence on the threshold stress). The proposed mode of deformation
is therefore most likely to occﬁr in regions of high stress, notably
in the vicinity of crack tips. In fact, this mechanism is a possible
origin of the high temperature slow crack growth observed in ceramic

systemszj°

5.2 The Creep Strain

The creep strain in a material subject to boundary sliding and

cracking consists (in the absence of diffusion) of an initial transient,
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caused by elastically constrained boundary sliding, followed by an
accumulation of strain associated with crack evolution and the con-
comittant additional boundary sliding. The latter strain is of primary
interest herein,

The formation and growth of an isolated crack increases the com-
pliance of a body, by an amount that depends on the crack length and
the extent of sliding. Specific relations for the compliance change
are avilable for bodies containing arrays of crack5922 but analogous
results for coupled cracking and sliding have not yet been derived.
Equivalent crack morphologies are thus adopted for the estimation of

changes in compliance and hence, to obtain the creep strain7922;

(35)

™M
i
miQ

d 1 -1
16{(1- 10-3 N 3
[’ - (4%)(%£\)) o |

where N is the number of cracks in the volume V and a, is the radius

of the equivalent crack (e.g., a, may be taken as the sum of the actual

crack Tength and the length of the contiguous sliding boundary).
Consider first the trivial case, in which all boundaries subject

to tension contain cracks. Then, Eqn. (35) becomes (for v~0.2);

;-
e = ¢ [1 - <la/2)"> (36)

This result emphasizes that the creep strains are necessarily small (at

most, a few times the elastic strain, o/E) until virtually all tensile
boundaries become fully cavitated. This mechanism should not, therefore,
be invoked to explain relatively Targe creep deformations. (Subsequent

to full cavitation, of course, appreciable creep strains, up to ~30%,
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can develop at a rate dictated by the grain boundary viscosity (Fig. 8)

viz. (Appendix II, Egn. A10));

£ = Agéb/nz

where A is a constant in the range 0.5 to 2, depending upon grain mor-
phologies). The strain rate, prior to full cavitation, obtained by

by differentiation of Eqn. (36) is;

®

- EQ3[1~<a+/Q>3]2 7
A detailed analysis of the crack size distribution, as a function of
time, is needed in order to relate this strain-rate to the time independ-
ent variables. This is bgyond the scope of the present paper. However,
if all cracks are considered to be similar in length, the time dependence
of the crack Tength, deduced by integrating the simplified crack velocity
relation (Egn. 27),

o+

can be combined with Egn. (37) to yield an expression for the strain-

E&b

na*

2 2

A8sing (
7 {1-v")

rate. For the initial stages of creep (a<a*<42), the result obtained

by set%ﬁng a~a, is;

. \6 Es 6 7
(e (A 1w
e (1) K%“ i
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A highly non-linear, time variant, creep strain is thus to be antici-

pated for conditions which promote the relatively uniform growth of
grain boundary cracks.

More génera]1y, cracks can be expected to accumulate as full facet-
sized cavities (as relaxed by boundary sliding) on boundaries of
diminishing susceptibility. Then, a statistical function (that des-
cribes the relative cracking susceptibilities of boundaries within the
polycrystalline aggregate) is required to deduce the creep strain. De-
fining ¢ as the cumulative probability that a tensile boundary will have
developed a full facet-sized cavity, length 2, at time t, the creep

strain derives from Egn. (36) as;

., o (40)
E(1-9)

The strain rate is thus;

3 b

E(1-0)

L]

which for ¢ << 1 (i.e., small strains) reduces to:

£ = od/E. (41b)
Adopting a previous suggestion that, for small @7,
k
o ~ (%) (42)
0

where k is a shape parameter and to a scale parameter, Egn. (41b) be-

comes s
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¢ox kottle 7K (43)
Inserting a value for the scale parameter derived directly from the
reduced form of the cavity propagation time tp (Egn. 30), the final
expression for the creep strain rate becomes;

e = kkok02k+1tkw1 (44)
where XO is the scale parameter derived from the quantity, (Ech/an)°
It is noted that a steady-state creep prevails when the shape parameter
k=1, with a stress exponent of three. Otherwise, accelerating or de-
celerating creep strains are to be anticipated. Further study is needed
to specify the microstructural rationale for the choice of the shape

parameter, k, and hence, to predict specific creep strain rates.

5.3 The Failure Time

The failure time also depends upon the uniformity of the crack pro-
pagation process (amongst the tensile boundaries). For relatively uni-
form growth, the propagation time tp anticipated by Egn. (30) comprises
the initial constituent of the failure sequence. This is superseded by
unconstrained stiding, which contributes an additional time to the ulti-

mate separation, given by Egn. (A11). The total failure time is thus;

)
) L& T = 0.6 («%&w) (1+w) (45)
Eo' 2 o 6b

where Q is a coefficient (~5) that depends upon the grain morphologies

considered. Since oT must exceed the ihresho?d for crack initiation
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(Egn. 34), the maximum possible contribution to tf obtains by setting

OT to its threshold value; whereupon;

W~ QKg°b/E/E (46)

11 6

Inserting typical values for KE’b (~1 MPavim), E{4x10" 'Pa) and 2(4x10 "m)
indicates that w<10°1. The failure time is thus dominated by the un-
constrained sliding process. This suggests that, for uniform grain
structures, failure is adequately represented by Egn. (A10).

Most microstructures will not exhibit the uniformity demanded by
the above anlaysis. A statistical approach to failure is thus more
generally applicable. This is a complex problem since interaction ef-
fects between cracks on neighboring boundaries are expected to contri-

bute significantly to the failure process. Neglect of interaction

effects would suggest a re1ation7
it = oant - XL gn(dA/ef) (47)
where A is the total grain boundary area, KC is the macrotoughness of

the material, k is a shape parameter and to a scale parameter (c.f.,

Eqn. 42). Inserting a value for to from Egn. (30) gives,

nte = AO==2QHG~02 ( 4Q2 ) i (§%> (48)
kK 2
o
where AO is the scale parameter connected with the term, (K?“b)zn/Esbs
The behavior of this function and its correspondence with fracture

data has been discussed eisewhere7, The 1incorporation of interaction
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effects would tend to diminish the significance of the final term in
Eqn. (48); a term which reflects the product of the survival proba-

bilities of individual grain boundaries.

6. CONCLUSION

A mechanism of creep failure involving grain boundary sliding and
brittle cracking has been examined. This mechanism may exist in ceramic
materials with relatively planar boundaries, as produced for example in
systems prepared by liquid phase sintering. It has been demonstrated
that the mechanism requires a relatively high threshold stress and is
thus most likely to be observed at intermediate temperatures or in the
vicinity of crack tips (viz. a slow crack growth mechanism). An analysis
of crack extension across grain boundaries, constrained by the rate of
boundary sliding, has been conducted. The analysis has provided impli-
cations for creep strain-rates and failure times; the specific results
depending upon boundary orientations. In general, both the creep strain-
rate and the failure fime are non-linear in stress. The important material
parameters are the grain boundary viscosity and fracture energy and the

grain size.
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APPENDIX 1

THE STRESS INTENSITY FACTORS FOR A CRACKED DISLOCATION
The change in the mechanical energy AU of a system subject to

a tensile stress o, during the formation of a wedge crack of Tength a

and heigth 2h (Fig. 4) that forms normal to the stress is given by;18
2 2y 2.2
bal = - —ED on (fgi) - mIvlod g (A1)

where b is the sample width and R is an arbitrary field radius. Since

the crack can only extend from one end, the strain energy release rate,

2 2y 2
r et o e

G = . (aAU> ) Eh
L fanly o o
21 (1-v")a

and the stress intensity factor (K2 = EG/(i—vZ)) is;

2 2 1
2r(1-v") (1-v7)
(A3)
= o /ila/2) + hE/VErE (1-°)
Rearranging to obtain the wedge opening gives;
h WU(1=v2) K :
a‘ = E -1 (Aq’)
ovr(a/?)

Inspection of Egn. (A3) reveals that it has two components. The

first is the solution for a crack subjected to a normal stress (On/%(a72D



20~

and the other is due to the wedge opening. This result is consistent
with the Tinear superposition requirement for K. The wedge opening
component is also consistent (except for a numerical factor) with the
wedge crack solution developed by Barenb?att24a A self consistent
stress intensity factor solution thus emerges from the cracked disloca-
tion analysis, although a numerical deficiency might be exposed in more
detailed anlayses. Note that the normal stress component causes K to
increase with crack length; whereas the wedging component requires that
K decrease with crack Tength, when subject to a fixed wedge opening.

A minimum in K can thus be anticipated to occur for certain crack ex-

tension conditions, as observed, for example, in Fig. 2.
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APPENDIX 11

STRAIN RATES FOR UNCONSTRAINED SLIDING

When all grain boundaries subject to tensile stress have fully-
cavitated (Fig. 8), subsequent deformation is controlled by uncon-
strained grain boundary sliding. The sliding rate 5 is related to the

resolved shear stresseTBa on the remaining contact area by

Noting that the contact area is ~2{2-28), Egn. (A5) becomes

o oTébQ
§ = 0.43 S (A6)
n(2-28)
yielding a strain-rate;
B 0.870'5,
. b (A7)
an(1-2¢)
Solving for the strain gives;
T 5
2¢e = 1 -1[1-3.50 Sbt/ﬁn] (A8)
which for strains <0.2 reduces to
T 2
T o &t
T i M N7 (-Eﬁ~> (A9)
n

The corresponding strain-rate is



~06-

T T 2

0.870 8§ o 8
b 1.54 <_~__llﬁﬁ> t

£ =
in n

(Al0)
Ultimate failure occurs as the displacement §-2/2. The component
of the failure time that derives from the unconstrained boundary sliding

t? is thus obtained from Egn. (A6) as;

R/%

(9-28)ds
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FIGURE CAPTIONS

Fig. 1: A schematic indicating the sequence of formation of a facet-
sized crack; (a) initiation of a crack at a triple point, (b)
crack opening due to grain boundary sliding and subsequent
crack extension, (c) final, open crack formed by crack tip
relaxation induced by grain boundary sliding.

Fig. 2: The variation of stress intensity factor with crack length and
angle, for a kinked crack subject to in-plane shear and small
closure tractions,

Fig. 3: A schematic derived from Fig. 2 indicating the critical stress
intensity factor and the regions of stable and unstable crack
extension.

Fig. 4: A schematic illustrating the elastic driving force for boundary

sliding and crack opening and the resistance provided by the
grain boundary viscosity,

Fig. 5: A typical variation in relative crack length with time. The
initial region isTimited by the viscosity of the sliding
boundary and is followed by a region of unstable growth.

Fig. 6: The variation in crack velocity with crack length for conditions,
o = m/4 and B =1,

Fig. 7: Crack propagation times plotted as a function of stress level
and angle for a shear ratio TS/Gn = 1,

Fig. 8: Stiding controlled deformation in the fully cavitated condition.
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